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Summary
Although dense animal communities at hydrothermal
vents and cold seeps rely on symbioses with chemo-
autotrophic bacteria [1, 2], knowledge of the mecha-
nisms underlying these chemosynthetic symbioses
is still fragmentary because of the difficulty in cultur-
ing the symbionts and the hosts in the laboratory.
Deep-sea Calyptogena clams harbor thioautotrophic
bacterial symbionts in their gill epithelial cells [1, 2].
They have vestigial digestive tracts and nutritionally
depend on their symbionts [3], which are vertically
transmitted via eggs [4]. To clarify the symbionts’ met-
abolic roles in the symbiosis and adaptations to intra-
cellular conditions, we present the complete genome
sequence of the symbiont of Calyptogena okutanii.
The genome is a circular chromosome of 1,022,154
bp with 31.6% guanine + cytosine (G + C) content,
and is the smallest reported genome in autotrophic
bacteria. It encodes 939 protein-coding genes, includ-
ing those for thioautotrophy and for the syntheses of
almost all amino acids and various cofactors. How-
ever, transporters for these substances to the host
cell are apparently absent. Genes that are unneces-
sary for an intracellular lifestyle, as well as some es-
sential genes (e.g., ftsZ for cytokinesis), appear to
*Correspondence: tadashim@jamstec.go.jphave been lost from the symbiont genome. Reductive
evolution of the genomemight be ongoing in the verti-
cally transmitted Calyptogena symbionts.
Results and Discussion
Genome Structure
The genome of the Calyptogena okutanii symbiont
(CoSym) is a circular chromosome of 1,022,154 bp with
31.6% G + C content (DNA Data Bank of Japan acces-
sion number AP009247; Figure S1 in the Supplemental
Data available online, Table 1, and Table S1), and is
the smallest reported genome in bacterial autotrophs.
No plasmid was found. The CoSym genome contains
939 protein-coding genes, a single ribosomal RNA op-
eron, and 35 tRNA genes specifying all 20 amino acids.
Neither a transposon- nor a phage-related sequence
was found in the genome.
Reduced Genome
In the maximum-likelihood phylogenetic tree of genome-
sequenced g-proteobacteria based on 16S rRNA gene
sequences, the CoSym branched with species of Thiotri-
chales (e.g., Thiomicrospira crunogenaXCL-2 [2.43 Mb],
a deep-sea-vent-dwelling sulfur-oxidizing g-proteobac-
terium, and Francisella tularensis [1.89 Mb]), although
the bootstrap support was low (63%) (Figure S2). The ge-
nome sizes of both T. crunogena and F. tularensis are
much larger than that of the CoSym. Considering the
additional fact that several essential genes are missing
in the CoSym genome (see below), it seems reasonable
to assume that the ancestor of the CoSym had a larger
genome and that the CoSym genome has been reduced.
In addition to having a smaller genome than free-living
bacteria from the same environment (Figure S2), the
CoSym genome is also reduced compared to that of the
environmentally transmitted intracellular symbiont in
Riftia pachyptila (3.3 Mb) [5]. Genetic isolation and the
small effective population size of the symbiont transmit-
ted to ensuing generations are important for fixation of
nearly neutral mutations and for the loss of genes un-
necessary in an intracellular lifestyle [6]. The population
of the CoSym in each primary oocyte is apparently small
and is probably a population bottleneck (see Figure 1 in
[4]). In Buchnera, an intracellular symbiont of aphids
with a genome size of 0.64 Mb (Table 1), high copy num-
bers (an average of 120 copies per cell) of the genome
have been proposed for slowing down Muller’s rachet
or avoiding mildly deleterious mutations [7]. However,
microfluorometry of the DAPI-stained CoSym showed
that the DNA content was 0.84 6 0.48 Mb per cell
(mean 6 SD, n = 80), i.e., one genome copy per cell. In
addition to the losses of genes in the DNA-recombina-
tion and -repair systems as described below, the popu-
lation bottleneck and a single copy of the genome might
affect the rate of genome reduction in the CoSym.
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882Table 1. Genomic Features of the Calyptogena okutanii Thioautotrophic Symbiont, Intracellular Heterotrophic Symbionts, and a Free-Living
Thioautotroph
Lifestyle Intracellular
Symbiont
Intracellular
Symbiont
Intracellular
Symbiont
Intracellular
Symbiont
Intracellular
Symbiont
Intracellular
Symbiont
Free-Living
Nutritional
Status
Thioautotroph Heterotroph Heterotroph Heterotroph Heterotroph Heterotroph Thioautotroph
Bacterial
Classification
g-proteobacteria g-proteobacteria g-proteobacteria g-proteobacteria g-proteobacteria a-proteobacteria g-proteobacteria
Organisms Calyptogena
okutanii
symbiont
Buchnera
sp. APS
Wigglesworthia
glossinidia
Blochmannia
floridanus
Carsonella
ruddii
Wolbachia
pipientis wMel
Thiomicrospira
crunogena XCL-2
Genome size
(Mb)
1.02 0.64 0.698 0.706 0.160 1.27 2.43
G + C content
(%)
31.6 26.3 22 27.4 16.5 35.2 43.1
Protein coding
genes (number)
939 564 611 583 182 1195 2191
rRNA operons 1 1 2 1 1 1a 3
tRNA genes 35 32 34 37 28 34 43
Coding region
(%)
86 86 86 83 93 80 89
Genome copy
number per cell
1 120 — — — — —
Plasmids 0 2 1 0 0 0 0
Reference Present work [12] [13] [14] [20] [15] [21]
GenBank
Accession
Number
AP009247 BA000003 BA000021 BX248583 AE017196 AE017321 CP000109
a One set of 16S, 5S, and 23S RNA genes but not in an operon.Missing Essential Genes
Several genes essential for life in free-living gram-nega-
tive bacteria [8] are missing in the CoSym genome (Table
2). The CoSym has lolDE but lacks the essential lolABC
that is involved in the localization of lipoproteins to the
outer membrane [9]. Additionally, essential genes for
cytokinesis (ftsZ and related genes) [10] are missing.
Electron microscopy in previous literature [2] and in
our preliminary studies has shown that some symbiont
cells within the host cell apparently undergo division
(Figure S3). Although a lack of ftsZ has been reported
in a few bacteria (Chlamydiae, Ureaplasma mycetes,
and Pirellula sp.) and in Crenarchaeota [11], the mecha-
nism of cell division without FtsZ remains to be studied.
For maintaining the CoSym population stably in the
host cell without such essential genes, the function of
the missing essential genes might be replaced by an al-
ternate gene in the genome or by interactions with the
host. If the latter hypothesis is the case, the host might
be involved in the stable maintenance of the symbiont
population in the host cell, e.g., controlling the cell divi-
sion of the ftsZ-lacking symbionts.
Genomic Features of Intracellular Symbionts
The CoSym genome lacks most genes for DNA recombi-
nation (it lacks all rec genes except recG and recJ) and
for the SOS system (it lacks lexA, umuCD, and uvrBC
but possesses uvrAD). The lack of these genes makes
the genome vulnerable to DNA damage and might in-
crease the mutation rate in the CoSym. The insects’
intracellular g-proteobacterial symbionts, Buchnera,
Blochmannia, and Wigglesworthia, also lack most
genes for DNA recombination and repair (Table 3) [12–
14]. Although the intracellular a-proteobacterial sym-
biont, Wolbachia, has some of these genes, such asrecAFRJ and uvrABCD [15], there might be a general
tendency for vertically transmitted intracellular symbi-
onts to have fewer genes involved in DNA recombination
and repair (Table 3).
Further evidence for the CoSym’s being a vertically
transmitted symbiont in a stable environment is that it
has no gene for flagellum or related secretary systems,
which are important for infection of the host cell. Al-
though the insect intracellular symbionts Buchnera
and Wiggleworthia have flagellum, and Wolbachia has
a type IV secretory system, motility and infectious
machinery might be dispensable in a continuous intra-
cellular lifestyle (Table 3). The CoSym has only two
RNA-polymerase sigma factors for housekeeping and
stress-induced transcriptions (rpoD and rpoH, respec-
tively) and only two two-component regulatory systems.
A genome with a small number of genes for signal trans-
duction in response to environmental changes might be
a common characteristic of intracellular symbionts
adapting to the homeostatic environment within the
cell (Table 3) [12]. The number of genes involved in
cell-wall and -membrane biogenesis is much smaller in
the genomes of intracellular symbionts (including the
CoSym) than in the genome of the free-living thioauto-
trophic g-proteobacterium T. crunogena XCL-2 (Table
3). Many of these genes might have been lost in the evo-
lution of intracellular symbiosis.
Sulfur Metabolism and Energy Conservation
For chemoautotrophic sulfide oxidation, the CoSym ge-
nome has genes for sulfide-quinone oxidoreductase
(sqr), dissimilatory-siroheme-sulfite-reductase complex
(dsr), partial sulfur-oxidizing multienzyme system (it
has soxXYZA and soxB but lacks soxCD), adenosine
50-phosphosulfate (APS) reductase (apr), and ATP
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883Table 2. List of Essential Genes of Escherichia coli that Are Missing in the Calyptogena okutanii Thioautotrophic Symbiont
Gene Number in [8] Gene Function COG Number Category
b0684 fldA Flavodoxin 1 COG0716C
b0083 ftsL Cell-division protein; ingrowth of wall at septum COG3116D
b0094 ftsA ATP-binding cell-division protein, septation process, complexes with FtsZ COG0849D
b0095 ftsZ Cell division; forms circumferential ring COG0206D
b2412 zipA Cell-division protein involved in FtsZ ring COG3115D
b2748 f103 Hypothetical protein COG2919D
b3462 ftsX Cell-division membrane protein COG2177D
b3933 ftsN Essential cell-division protein COG3087D
b3640 dut Deoxyuridinetriphosphatase COG0756F
b4361 dnaC Chromosome replication; initiation and chain elongation COG1484L
b0093 ftsQ Cell-division protein; ingrowth of wall at septum COG1589M
b0178 hlpA Periplasmic molecular chaperone for outer-membrane proteins COG2825M
b0657 lnt Apolipoprotein N-acyltransferase, copper homeostasis protein, inner membrane COG0815M
b0891 lolA Periplasmic chaperone effects translocation of lipoproteins COG2834M
b1209 lolB Outer-membrane component involved in lipoprotein localization COG3017M
b1116 lolC Transport protein of outer-membrane lipoproteins (ABC superfamily, membrane) COG4591M
b3967 murI Glutamate racemase COG0796M
b3235 degS Periplasmic serine endoprotease COG0265O
b3199 yrbK Hypothetical protein COG3117S
b3782 rhoL Rho operon leader peptide Not in COG
b4041 plsB Glycerol-3-phosphate acyltransferase Not in COG
b4362 dnaT DNA biosynthesis; primosomal protein I Not in COG
Orthologs of the C. okutanii symbiont genome were searched for in the genome of Escherichia coli [8]. Some essential genes for the life of E. coli
were found to be missing in the genome of the C. okutanii symbiont. ‘‘COG’’ denotes cluster of ortholog groups.sulfurylase (sat) (Figure 1). The final oxidation product,
sulfate, is probably pumped out from the symbiont cell
by a putative sodium and sulfate transporter. Liberated
electrons are apparently used to produce ATP via the re-
spiratory electron-transport chain, which is composed
of complexes I, III, IV, and V (Figure 1).
Nitrate respiration has been reported in the clam Luci-
noma aequizonata [16] with a thioautotrophic bacterial
symbiont and in the tubeworm R. pachyptila [17]. The
CoSym genome encodes genes for the nitrate trans-
porter (narK), the respiratory nitrate-reductase complex
(narGHIJ), and the nitrite-reductase complex (nirBD)
(Figure 1). In the CoSym, nitrate might be used as the
electron acceptor for sulfide oxidation under anoxic
conditions. The CoSym has a larger number of genes
for energy production and conversion than intracellular
heterotrophic symbionts (Table 3), probably because it
is a chemoautotrophic symbiont.
Inorganic Carbon Fixation, Synthesis of Cellular
Components, and Their Transport
Carbon dioxide is most likely to be fixed by ribulose 1,5-
bisphosphate carboxylase/oxygenase form II (cbbM)
(Figure 1). The genome has gene sets for glycolysis
and the pentose phosphate cycle, but lacks some genes
in the tricarboxilic acid (TCA) cycle (Figure 1). These
pathways and the partial TCA cycle probably provide
metabolic intermediates for biosynthesis of amino acids
and other cellular components. Genes for the phos-
phoenolpyruvate (PEP)-dependent sugar and phospho-
transferase system (PTS), a carbohydrate-importing
system, were not found in the CoSym genome (Figure 1),
indicating that the symbiont does not absorb carbohy-
drates from the host.
Metabolic interdependence on amino acid biosynthe-
sis has been shown in the symbiosis between the het-
erotrophic intracellular symbiontBuchnera and its aphidhost [12]. Buchnera synthesizes essential amino acids
for the aphid, and the aphid synthesizes nonessential
amino acids for the Buchnera. Unlike that of Buchnera,
the autotrophic CoSym genome encodes a complete
gene set of biosynthetic pathways for 18 of 20 amino
acids, whereas only a single gene is missing in each
pathway of the essential amino acids threonine and his-
tidine (Figure 1 and Figure S4). The functions of these
missing genes might be complemented by alternative
gene products that have been categorized in this study
as hypothetical genes or by intermediates supplied from
the host.
The tsetse fly symbiont, Wigglesworthia, produces
various cofactors, which are required by the host [13],
and the CoSym also has gene sets for the biosynthesis
of various cofactors, fatty acids, and nucleotides (Fig-
ure 1 and Figure S5). Because the clam’s digestive tract
is vestigial, the symbiont is thought to supply amino
acids, cofactors, and other nutrients to the host. How-
ever, genes for exporting these nutrients to host-cell
vacuoles were not found in the CoSym genome. It has
been reported that lysozyme activity is much higher in
the gill tissue of Calyptogena magnifica than in the gill
tissue of bivalves without a symbiont [18] and that lyso-
somes are found in the gill bacteriocytes of C. phaseoli-
formis [19]. The CoSym might be digested in bacte-
riocytes and the released nutrients subsequently
absorbed by the host.
In summary, genome analyses of the symbiont of the
deep-sea clam Calyptogena okutanii confirm that the
symbiont CoSym is thioautotrophic and can synthesize
almost all amino acids, various cofactors, and other nu-
trients for the host. The lack of transporters for amino
acids, cofactors, and other nutrients to the host cell
suggests that the symbiont is digested in the host cell.
On the other hand, like heterotrophic vertically trans-
mitted intracellular symbionts, most of the genes for
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884Table 3. Comparative Analysis of the Gene Repertoires of the Intracellular Symbionts and a Free-Living Thioautotroph in COG Categories
Lifestyle Intracellular
Symbiont
Intracellular
Symbiont
Intracellular
Symbiont
Intracellular
Symbiont
Intracellula
Symbiont
Intracellula
Symbiont
Free-Living
Nutritional Status Thioautotroph Heterotroph Heterotroph Heterotroph Heterotroph Heterotroph Thioautotroph
Bacterial
Classification
g-proteo-
bacteria
g-proteo-
bacteria
g-proteo-
bacteria
g-proteo-
bacteria
g-proteo-
bacteria
a-proteo-
bacteria
g-proteo-
bacteria
Organisms Calyptogena
okutanii
symbiont
Buchnera
sp. APS
Wigglesworthia
glossinidia
Blochmanni
floridanus
Carsonella
ruddii
Wolbachia
pipientis wMel
Thiomicrospira
crunogena XCL-2
A. RNA processing
and modification
1 (0.1) 1 (0.2) 1 (0.1) 1 (0.2) 0 (0) 0 (0) 1 (0.0)
B. Chromatin
structure and
dynamics
0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (0.1)
C. Energy
production and
conversion
89 (8.8) 47 (7.5) 39 (5.7) 48 (7.5) 14 (7.7) 71 (5.7) 132 (5.1)
D. Cell-cycle
control, mitosis,
and meiosis
10 (1.0) 12 (1.9) 13 (1.9) 14 (2.2) 1 (0.6) 17 (1.4) 37 (1.4)
E. Amino acid
transport and
metabolism
98 (9.7) 61 (9.7) 35 (5.2) 74 (11.6) 32 (17.5) 35 (2.8) 174 (6.8)
F. Nucleotide
transport and
metabolism
36 (3.6) 29 (4.6) 40 (5.9) 25 (3.9) 0 (0) 36 (2.9) 49 (1.9)
G. Carbohydrate
transport and
metabolism
22 (2.2) 34 (5.4) 23 (3.4) 34 (5.3) 4 (2.2) 25 (2.0) 90 (3.5)
H. Coenzyme
transport and
metabolism
88 (8.7) 36 (5.7) 65 (9.6) 45 (7.1) 0 (0) 38 (3.0) 109 (4.2)
I. Lipid transport
and metabolism
33 (3.3) 16 (2.6) 29 (4.3) 26 (4.1) 0 (0) 27 (2.2) 48 (1.9)
J. Translation 134 (13.3) 120 (19.1) 109 (16.1) 116 (18.2) 63 (34.6) 121 (9.7) 170 (6.6)
K. Transcription 28 (2.8) 19 (3.0) 22 (3.2) 21 (3.3) 5 (2.8) 25 (2.0) 96 (3.7)
L. Replication,
recombination,
and repair
49 (4.9) 43 (6.9) 35 (5.2) 31 (4.9) 5 (2.8) 70 (5.6) 127 (4.9)
M. Cell-wall
and -membrane
biogenesis
50 (5.0) 30 (4.8) 62 (9.1) 54 (8.5) 0 (0) 41 (3.3) 150 (5.8)
N. Cell motility 0 (0) 24 (3.8) 32 (4.7) 0 (0) 0 (0) 2 (0.2) 97 (3.8)
O. Posttranslational
modification, protein
turnover, chaperones
66 (6.5) 39 (6.2) 38 (5.6) 36 (5.7) 10 (5.5) 52 (4.2) 120 (4.7)
P. Inorganic-ion
transport and
metabolism
43 (4.3) 21 (3.3) 19 (2.8) 28 (4.4) 1 (0.6) 29 (2.3) 156 (6.1)
Q. Secondary
metabolites
biosynthesis,
transport, and
catabolism
10 (1.0) 4 (0.6) 4 (0.6) 3 (0.5) 0 (0) 11 (0.9) 59 (2.3)
R. General function
prediction only
65 (6.4) 36 (5.7) 46 (6.8) 35 (5.5) 3 (1.6) 82 (6.6) 254 (9.9)
S. Function unknown 45 (4.5) 16 (2.6) 20 (2.9) 21 (3.3) 0 (0) 42 (3.4) 163 (6.3)
T. Signal
transduction
mechanisms
13 (1.3) 5 (0.8) 3 (0.4) 4 (0.6) 0 (0) 8 (0.6) 171 (6.6)
U. Intracellular
trafficking and
secretion
18 (1.8) 24 (3.8) 28 (4.1) 17 (2.7) 0 (0) 30 (2.4) 76 (3.0)
V. Defense
mechanisms
7 (0.7) 4 (0.6) 7 (1.0) 2 (0.3) 0 (0) 6 (0.5) 27 (1.0)
W. Extracellular
structures
0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (0.1)
Z. Cytoskeleton 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (0.0)
NO. Not in COGs 105 (10.4) 6 (1.0) 9 (1.3) 2 (0.3) 44 (24.1) 480 (38.5) 262 (10.2)
Total 1010 627 679 637 182 1248 2573
Uppercase letters in the first column indicate COG categories. The value in each category indicates the number of genes in the category. The
value in parenthesis is the percentage of the number of genes in each category of the total genome genes.
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885Figure 1. Overall Metabolic Pathways Deduced from the Genome Sequence of the Calyptogena okutanii Thioautotrophic Symbiont
Substances and pathways in red indicate that they are apparently completely or partially absent.two-component regulatory systems, sigma factors for
transcription, DNA repair, and DNA recombination ap-
pear to have been lost as a result of an adaptation to
the intracellular environment. The absence of crucial
genes for cell division (e.g., ftsZ and related genes) in
this symbiont raises the question of how it proliferates
and maintains a stable population during host growth.
Genome reduction might be accelerated by a single copy
of the genome, by the existence of a small population
of symbiont cells within each oocyte, and by the loss of
DNA-recombination and -repair systems. To date, the
CoSym genome is the smallest reported genome in au-
totrophs. No organelle capable of chemosynthesis has
yet been found in eukaryotic cells. It might be possible
that of the chemoautotrophic symbiont has already been
enslaved (genetically and/or nutritionally dependent on
the host cell) in the host cell but its genome is still con-
tinuously being reduced.
Supplemental Data
Experimental Procedures, five figures, and one table are avail-
able at http://www.current-biology.com/cgi/content/full/17/10/881/
DC1/.
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